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Furnace cycling has been widely used to study the failure of EB-PVD thermal barrier coatings. This contribution
compiles TBC furnace cyclic lives over a broad literature base to highlight optimum systems and generalized
trends not always apparent in one study. Systems included typical bond coats (Pt-modified aluminides, diffused
Pt-only γ/γ′, and NiCoCrAlY (±Pt, Hf) overlays) and superalloy substrates (1st, 2nd, 3rd generation single
crystals, directionally solidified, or conventionally cast). Pretreatments included controlled low p(O2) bond
coat pre-oxidation and grit blasting (or none). The aggregate lives (~70) suggest a general trend with tempera-
ture, ~10-fold decrease for every 100 °C increase. Measured alumina scale thicknesses (~30) were, on average,
~6.1 ± 1.8 μm at failure and independent of temperature for conventional systems. Most failures thus occurred
in less time than that predicted to grow 7 μm of alumina scale (as estimated from separate TGA studies of a Pt-
modified aluminide coated 2nd generation single crystal superalloy). A tentative activation energy indicated
from the broad distribution of failure times was ~280 kJ/mol, while that from homogeneous TGA testing was
~380 kJ/mol, with regression coefficients of r2 = 0.57 and 0.98, respectively.
Published by Elsevier B.V.
1. Introduction
Thermal barrier coatings (TBCs) are widely used in the turbine
industry to protect air cooled superalloy airfoils from direct exposure
to the full gas temperature of the combustion gas. Yttria stabilized zirco-
nia (YSZ) is commonly deposited by air plasma spray (APS) and electron
beam physical vapor deposition (EB-PVD). Aircraft turbines typically
employ the latter. Plasma sprayed NiCoCrAlY bond coats are generally
necessary for APS TBCs, due to the surface roughness required for
mechanical bonding of the top coat. EB-PVD, VPS, detonation gun
NiCoCrAlY, and aluminide diffusion bond coats are more typically used
for EB-PVD top coats, provided the surface finish of the bond coats is
acceptably smooth. More specifically, Pt-modified, β-phase aluminide
bond coats are widely reported to provide exceptional oxidation
resistance and TBC durability. Pt is known to improve alumina scale
adhesion to β-NiAl, as well as to extend the oxidative durability of
aluminide coatings. The latter effect stems from higher diffusional sta-
bility and ability to form alumina scales, even without aluminizing, as
evidenced by the success of commercial low cost and γ/γ′ Pt-only
bond coatings [1,2] (Rickerby, Gleeson, and coworkers).
Given the notable engineering success, these systems have become
the focus of intense research and sophisticated analyses. This has led
to a deeper understanding of failure mechanisms and numerous new
approaches to improve durability, as can be surmised from a number
of valuable reviews [3–9], as well as the large body of exceptional
studies from UCSB [27] (Tolpygo and Clarke), ORNL (Pint, Zhang,
Haynes et al.), and others cited below regarding alumina scale growth,
Pt-modified aluminizing, bond coat oxidation and TBC failure mecha-
nisms. TBC durability is often evaluated by a furnace cyclic test (FCT),
having a strong oxidative component to failure. While self-consistent
TBC failure data can be assumed for a given batch of coatings produced
by the same process and tested at the same laboratory (albeitwith some
inherent variability according to a Weibull distribution, as proposed by
Strangman) [10], there may be disjunctions arising from different coat-
ing or testing facilities. This leads to a degree of uncertainty in evaluat-
ing life data obtained for a specific system at a single temperature. In
order to assess the performance of coating types as a whole, the failure
lives from 30+ published investigations were compiled and catego-
rized by test temperature. It is intended to provide a broader perspec-
tive of typical failure times for standard coatings and to highlight any
sensitivity to various system or process modifications. Some of these
modifications include vacuum or low p(O2) oxidizing pre-treatments,
polished bond coats, or eliminating standard grit blasting or aluminiz-
ing. In a secondary emphasis, EB-PVD and VPS NiCoCrAlY bond coat
data is included for comparison, often with a variety of process treat-
ments including Hf-doping and Pt plating effects.
This compilation is also intended to contrast superalloy coating
behavior with YSZ-coated oxidation resistant bulk substrates, such
as doped NiAl(Zr,Hf). Here the effects of interdiffusion and other
thermomechanical instabilities between bond coats and substrates are
precluded, while scale growth and thermal expansion issues between
metals and oxides remain. In that regard, failure lives are compared to
oxidative times predicted to obtain scales of a specified ‘critical thick-
ness,’ typically around 5–10 μm [11–13], although other contributing
factors must still be present. The original motivation of this compilation
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Table 1
Compiled furnace cycle life of EB-PVD YSZ thermal barrier coatings.
T = test temperature; t = failure time; xc = estimated/measured scale thickness at failure.
Bond coat Substrate T, °C t, h xc, μm Hot time/cycle Study
a) No bond coat and Pt–Al bond coats
None NiAl(Zr) 1150 3800 14.6 1-h Pint 2000
None NiAl(Zr) 1200 1700a 11.0 2-h Pint 2000
None NiAl(Hf,GaTi) 1175 N1770 45 min Rigney 2000
None Rene′N5 1100 2096 45 min Yanar 2011
NiAl(5Cr–0.5Hf) Rene′N5 1163 600 45 min Hazel 2008
Pt–Al opt. Rene′N5 1100 1530 45 min Yanar 2011
Pt–Al SOA Rene′N5 1100 839 45 min Yanar 2011
Pt–Al SOA Rene′N5 1200 96 45 min Yanar 2011
Pt–Al Rene′N5 1150 650 4.5 1-h Pint 1998
Pt–Al Rene′N5 1200 212 5.6 2-h Pint 1998
Pt–Al Rene′N5 1150 907 7.6 1-h Pint 2015
Pt–Al Rene′N5 1163 173 45 min Hazel 2008
Pt–Al Rene′N5 1150 260 2.6 1-h Smialek 2008
Pt–Al Rene′N5 1100 974 1-h Kim 2002
Pt–Al Rene′N5 1200 107 1-h Kim 2002
Pt–Al Rene′N5 1163 234 45 min Jackson 2014
Pt–Al Rene′N5 1163 271 1-h Zhu 2012
Pt–Al Rene′N5 1163 225 45 min Zhu 2004
Pt–Al Rene′N5b 1163 280 45 min Zhu 2004
Pt–Al Rene′N5b 1163 333 1-h Zhu 2012
Pt–Al Rene′N5b 1150 300 2.9 1-h Smialek 2008
Pt–Al CMSX-4 1100 1046 8.6 45 min Sridharan 2005
Pt–Al CMSX-4 1121 514 6.9 45 min Sridharan 2005
Pt–Al CMSX-4 1121 514 9.8 24 h Sridharan 2005
Pt–Al CMSX-4 1150 280 8.1 45 min Sridharan 2005
Pt–Al CMSX-4 1100 622 4.6 40 min Wen 2006
Pt–Al CMSX-4 1121 307 5.3 40 min Wen 2006
Pt–Al CMSX-4 1151 118 4.9 40 min Wen 2006
Pt–Al CMSX-4 1121 450 ~6 40 min Xie 2003
Pt–Alc CMSX-4 1121 640 ~6 40 min Xie 2003
Pt–Al CMSX-4 1100 365 5.9 45 min Baufeld 2006
Pt–Al vacc CMSX-4 1100 668 8.4 45 min Baufeld 2006
Pt–Al H2/Arc CMSX-4 1100 1041 6.9 45 min Baufeld 2006
Pt–Al (1) CMSX-4 1100 406 50 min Schulz 2008
Pt–Al (1) CMSX-4 1150 278 50 min Schulz 2008
Pt–Al (1) H2/Ar CMSX-4 1100 1157 50 min Schulz 2008
Pt–Al (2) CMSX-4 1100 800 50 min Schulz 2008
Pt–Al (2) CMSX-4 1150 420 50 min Schulz 2008
Pt–Al CMSX-4 1100 545 5.9 1-h Sohn 2015
Pt–Al Gen 2 1150 550 6.1 1-h Tolpygo 2001
Pt–Alc Gen 2 1150 730 6.1 1-h Tolpygo 2001
Pt–Al Gen 2 1150 190 1-h Tolpygo 2005
Pt–Al Gen 2 1150 750 1-h Tolpygo 2005
Pt–Al pre-ox Gen 2 1150 790 1-h Tolpygo 2005
Pt–Al pre-ox Gen 2 1150 2870 N5 1-h Tolpygo 2005
Pt–Al CMSX-10 1093 650 100 h Kimmel 2000
Pt–Al CMSX-10 1038 N3400 100 h Kimmel 2000
Pt–Al high PWA 1484 1135 435 1-h Wu 2008
Pt–Al low PWA 1484 1135 322 1-h Wu 2008
Pt–Al Rene′142 1100 817 45 min Lau 2013
Pt–Al (1) Rene′142 1100 823 50 min Schulz 2013
Pt–Al (1) IN100 1100 181 50 min Schulz 2008
Pt–Al (1) H2/Ar IN100 1100 600 50 min Schulz 2008
Pt–Al (2) IN100 1100 509 50 min Schulz 2008
Pt–Al (2) IN100 1150 150 50 min Schulz 2008
Pt–Al IN100 1100 615 50 min Lau 2013
Pt–Al AM1 1100 1055 1-h St.-Ramond 2004
S–Pt2Al3 AM1 1100 1086 1-h St.-Ramond 2004
S–PtAl2 AM1 1100 624 1-h St.-Ramond 2004
S–PtAl AM1 1100 589 1-h St.-Ramond 2004
b) Pt-only bond coats
Pt opt. Rene′N5 1100 3536 45 min Yanar 2011
Pt pre-ox Rene′N5 1100 435 45 min Yanar 2011
Pt Rene′N5 1150 1447 9.1 1-h Pint 2015
Pt CMSX-4 1150 400 24 h Tawancy 2008
Pt CMSX-4 1135 390 5.9 1-h Wu 2008
Pt PWA 1484 1135 1000 N9 1-h Wu 2008
Pt 2Co Gen3 1150 351 1-h Wu 2008
Pt 2Co Gen3 1170 382 1-h Wu 2008
Pt 2Co Gen3 1190 205 1-h Wu 2008
Pt 2Co Gen3 1210 108 1-h Wu 2008
Pt 2Co Gen3 1230 61 1-h Wu 2008
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was to compare TBC coating lives to recent data being obtained
for alumina-forming MAX phase substrates having low creep rates
and minimal CTE mismatch with alumina or YSZ. These results have in-
dicated coating survivalwithmuch larger scale thickness on the order of
30+ μm. This was achieved by successive 500 h exposures of APS and
PS-PVD YSZ coatings on Ti2AlC at 1100, 1150, 1200, 1250, and 1300 °C
(J. Smialek and B. Harder, ICACC 2015, Daytona Beach, unpublished
research).
2. Experimental factors
The material/test conditions/failure times for the representative
FCT results are listed in Table 1. For the most part there are only a
few distinguishing categories. Most were conducted in lab air, with
40–60 min of hot time per cycle. Depending on the study, cyclic bot-
tom loading muffle furnaces or vertical and horizontal tube furnaces
were used. No distinction has been made regarding cooling tempera-
ture, which is very important, although most attain 30–80 °C each
cycle. It is well known that lower cooling temperatures, even near
room temperature, and exposure to moisture, including ambient
humidity, can accelerate scale spallation and TBC failure [14–21].
Typically a similar 2.54 cm dia. disc substrate sample was used for
most Pt, Pt–Al bond coats, while 6 mm rods were used for many of
the NiCoCrAlY bond coats (by Schulz and co-workers). Failure was de-
fined as loss of at least 20–25% of the TBC coating area. Data entries
may reflect average lives of multiple specimens, a range of lifetimes,
or a single sample failure depending on what was available. Various
process modifications that have demonstrated improvement are
usually noted herein, while other less significant variants may not
be addressed.
In a separate study, thermogravimetric (TGA) oxidation tests were
performed on commercially produced Pt-modified CVD aluminide coat-
ings on a 2nd generation single crystal superalloy (no top coat). The
coupons tested in TGA were Howmet MDC150L standard Pt-aluminide
coated CMSX-4, nominally having 0.1wt.% Hf and b1 ppmwS. However
it is generally believed that some increased sulfur content is added in
the coating by Pt-plating. Here, GDMS profiles of one TGA sample indi-
cated ~10 ppmw S at the outermost 1 μm as-coated surface, decreasing
to ~0.05 ppmw, then increasing back to 1.5 ppmw at a sputter depth of
about 15 μm. Grit blastingwith−200mesh alumina at 20 psi increased
the surface impurity level to ~30 ppmw S. Slowly flowing dry air was
used for 100 h tests using a Setaram balance over the temperature
range of 1000–1250 °C.
3. Results and discussion
3.1. Compiled FCT data
3.1.1. Overview of FCT studies cited
The high temperature furnace cycle lives of EB-PVD YSZ coatings
were normalized by hot time and presented in Table 1 (a, b, and c).
This table captures the longest lives reported in those studies, but may
Table 1 (continued)
Bond coat Substrate T, °C t, h xc, μm Hot time/cycle Study
b) Pt-only bond coats
Pt 2Co Gen3 1250 88 1-h Wu 2008
Pt 2Co Gen3 1270 30 1-h Wu 2008
c) NiCoCrAlY bond coats
V–NiCoCrAlY Rene′N5 1100 483 5.8 10 min Kim 2002
NiCoCrAlY low Rene′N5 1100 148 4.8 45 min Nijdam 2006
NiCoCrAlY med Rene′N5 1100 435 4.5 45 min Nijdam 2006
NiCoCrAlY high Rene′N5 1100 150 3.8 45 min Nijdam 2006
Ar–NiCoCrAlY opt. Rene′N5 1100 717 45 min Yanar 2011
Ar-polished Rene′N5 1100 473 45 min Yanar 2011
Ar–NiCoCrAlY SOA Rene′N5 1000 502 45 min Yanar 2011
Ar–NiCoCrAlY SOA Rene′N5 1100 53 45 min Yanar 2011
Ar–NiCoCrAlY SOA Rene′N5 1200 5 45 min Yanar 2011
NiCoCrAlY NiCoCrAlY 1100 1777 50 min Schulz 2013
V–NiCoCrAlY Rene′142 1100 1939 50 min Schulz 2013
NiCoCrAlY Rene′142 1100 1695 50 min Schulz 2008
NiCoCrAlY Rene′142 1100 N1667 8.0 50 min Schulz 2001
NiCoCrAlY MarM002 1100 N1667 8.2 50 min Schulz 2001
NiCoCrAlY (2) IN 100 1100 1185 50 min Schulz 2008
NiCoCrAlY (2) IN 100 1150 393 50 min Schulz 2008
NiCoCrAlY (1) IN 100 1100 696 50 min Schulz 2008
NiCoCrAlY (1) IN 100 1150 160 50 min Schulz 2008
NiCoCrAlY IN 100 1100 708 7.1 50 min Schulz 2001
NiCoCrAlY + Hf IN 100 1100 760 50 min Schulz 2008
V–NiCoCrAlY IN 100 1100 421 50 min Schulz 2008
NiCoCrAlY CMSX-4 1100 333 5.3 50 min Schulz 2001
NiCoCrAlY (2) CMSX-4 1100 519 50 min Schulz 2008
NiCoCrAlY (2) CMSX-4 1150 259 50 min Schulz 2008
NiCoCrAlY (1) CMSX-4 1100 60 50 min Schulz 2008
NiCoCrAlY + Hf CMSX-4 1100 3911 50 min Schulz 2008
NiCoCrAlY + Hf CMSX-4 1150 1060 50 min Schulz 2008
V–NiCoCrAlY CMSX-4 1100 441 50 min Schulz 2008
NiCoCrAlY PWA 1483 1100 167 4.5 50 min Schulz 2001
V–NiCoCrAlY IN 738 1121 275 6.5 40 min Sohn 2001
Pt–Ar–NiCoCrAlY Rene′N5 1100 698 45 min Yanar 2002
Pt–Ar–NiCoCrAlY Rene′N5 1100 803 45 min Yanar 2011
Pt–V–NiCoCrAlYTa AM3 1100 490 8.7 1-h Vande Put 2009
NiCoCrAlY (2): polished substrate. V-NiCoCrAlY: vacuumplasma sprayed; the rest are EB-PVDNiCoCrAlY. S: sputtered. SOA: state of art. high, med, low: pO2 pre-oxidation. opt: optimized
process. Ar: air plasma sprayed, Ar shroud.
a Extrapolated.
b (Y,Yb,Gd)SZ.
c No grit blast.
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not include all the other variants that were not as durable (primary
authors are often called out below to facilitate associating the coating
results with a specific study). The first category includes no bond coats
(NBC) and those exhibiting consistently among the highest lives at
equivalent temperatures. Here bulk NiAl doped with small amounts of
Zr or Hf for scale adhesion, as well as Ga and Ti for high temperature
creep strength [22–24], was studied by Pint, Hazel, and coworkers.
The latter system did not fail before testing was stopped. Along these
lines, an overlay EB-PVD NiAl–5Cr–0.5Zr (at.%) bond coat is listed, as it
represented the highest TBC life compared to other Cr, Zr contents for
this overlay coating alloy [25] (Rigney et al.).
The next few groupings utilized various commercial or industrial
platinum aluminide coatings (e.g., Howmet MDC150L) on single
crystal superalloys, which are often viewed as state-of-the-art base-
lines for comparative purposes. This entails the common practice of
electroplating nominally ~5–10 μm of Pt, then aluminizing in a low-
activity, high-temperature process to form nominally ~40–75 μm of β-
Ni(Pt)Al as a bond coat. These are generally vacuum heat treated, then
lightly grit blasted. Deposition of nominally ~125–150 μm of the YSZ
thermal barrier is achieved by EB-PVD.
Some studies also usedmodified (Y,Yb,Gd) SZ top coats [17,26] (Zhu,
Smialek et al.). One study pre-oxidized the bond coat prior to YSZ top
coating, and reported a broad distribution band of failure times [27]
(Tolpygo and Clarke). Most of the superalloy substrates were 2nd gen-
eration single crystal superalloys, shown as Rene′N5, CMSX-4, PWA
1484, and generic compositions. These are among the most oxidation
resistant superalloys because of their high Al and Ta content, and
because there is ≤2 wt.% detrimental Ti. They also contain a minor
amount (~0.1 wt.%) of Hf which is helpful for reducing alumina growth
rates and for improving scale adhesion.
Four studies reflect lifetimes of diffused Pt-only bond coats [28–31]
(Yanar, Pint, Tawancy, Wu, and coworkers), which have been proposed
as effective lower cost and creep resistant alternative coatings for oxida-
tion resistant single crystal superalloys. One of these studies systemati-
cally varied the Co content of a 3rd generation (high Re) composition
and found that a low 2 wt.% Co alloy provided the maximum TBC life
compared to 8 or 12 wt.% Co [30]. Other studies employed NiCoCrAlY
bond coats [32–35] (Kim,Nijdam, Schulz, and coworkers) or a Pt coating
over NiCoCrAlY(Ta) bond coat [36–38] (Yanar, Vande Put, and
coworkers).
3.1.2. Temperature effects of compiled FCT lives
The TBC life distributions of Table 1 populate a trend-line with tem-
perature as shown in Fig. 1. Taken as a group it reflects the strong detri-
mental effect of increasing temperature above 1100 °C. More specific
temperature effects (within a given study) are suggested by lines
connecting lives of like samples. The bulk doped NiAl substrate data
(triangles) show a clear separation from the vast majority of coating
results. The latter are separated into various Pt-modified diffusion
aluminide studies (diamonds, squares) and Pt-overlay bond coats (cir-
cles). Overall, these results define a mean behavior (dashed line) from
linear regression, according to the following approximation:
logt life; hð Þ ¼ 10:85– 7:22 10−3
 
 T ÅC
 
ð1Þ
with a correlation coefficient of just 0.57. A large amount of data is
shown for the Pt-modified diffusion aluminide coatings on the Rene′
N5 2nd generation single crystal superalloy (vertically split blue/red di-
amonds). The series from Pint et al. (ORNL) [22,23] occupies the upper
band of all coating systems. This is believed to result from high purity
laboratory Pt plating and CVD aluminizing compared to industrial
scale processes. Accordingly, the lives reported in the five other investi-
gations and laboratories are grouped more centrally and roughly 50%
lower.
Next we consider similar coatings on another 2nd generation single
crystal superalloy, CMSX-4. Here the studies from the University of Con-
necticut (Profs. Jordan and Gell) can be discussed as a similar grouping
(horizontally split blue/red diamond) [39–41] (Sridharan, Wen, Xie
et al.). These help extend the trend-line to lower temperatures, but
with one study [40] showing lives about ½ the others. Two studies
showed a life increase of 30–40% at 1150 °C and 1121 °C by not grit
blasting [12,41]. The effect of pre-oxidation (1150 °C, 5 h, air; modified
2nd generation single crystal superalloy) provided another insight into
improved performance by reducing the amount of transition alumina
scales [27] (Tolpygo and Clarke, 2005). Here the maximum life of the
pre-oxidized Pt-modified aluminide bond coat even approached the
higher levels of the doped bulk NiAl substrates. However considerable
scatter bands were reported for either untreated or pre-oxidized condi-
tions. Other pre-treatment studies found improvements in 1100 °C
tests, achieving up to ~1000 h life [33,42] (Baufeld, Nijdam et al.).
EB-PVD TBC FCT Life on Alumina-Forming Systems
FCT temperature, oC
1100 1200 1300
sr
u
oht
oh
,
efil
CBT 100
1000
10000 NBC NiAl(Zr)NiAl(Hf,Zr), NBC N5
PtAl-N5
PtAl-CMSX-4 UConn
PtAl-CMSX-4 DLR
PtAl-Gen 2
PtAl-CMSX-10
PtAl-PWA 1484, Rene'142, 
   IN 100, AM1
Pt-N5, CMSX-4, PWA 1484
Pt-2 Co Gen 3
TGA Projected time for 7 µm 
10x
100
Pt-Al, 
Pt fit
oC
Fig. 1. Temperature effects on time-normalized FCT life of EB-PVD YSZ thermal barrier coatings for a variety of Pt and Pt–Al bond coats, substrates, and pre-treatments. The overall trend
approaches a 10-fold reduction for every 100 °C temperature increase. Overlapping points offset ±3 °C for clarity. PtAl = Pt-modified aluminide; Pt = Pt-only diffused coatings.
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Additional results are presented for Pt-modified aluminide coatings
on CMSX-10 (Gen 3), PWA 1484 (Gen 2), and AM1 (Gen 1). Lower tem-
perature testing (1038 °C) resulted in lives N3400 h [43]. Some 33% life
advantage was observed at 1135 °C for a high activity aluminide com-
pared to a low activity coating on PWA 1484 [31] (Wu et al.). Similar
failure times (not shown) were reported for CMSX-4, TMS 138A, and
TMS 82, substrates, which were all measurably higher than those for
SRR99 substrates. Other substrates, tested at 1100 °C and 1150 °C, in-
clude Rene′142, IN100, and AM1 (as reported by Lau, Schulz, Saint-
Ramond, and co-workers) [38,44–46]. While these alloys are not single
crystals, they exhibited lives comparable to the overall population.
The next category deals with Pt surfacemodification without alumi-
nizing, Table 1 (b). These were pre-diffused into single crystal superal-
loys prior to EB-PVD top coating. A typical spread with some high
values were obtained for Rene′N5, CMSX-4, and PWA 1484 (crossed
green circles, Fig. 1). The characteristic trend was extended to higher
temperatures for a 2 wt.% Co 3rd generation single crystal superalloy
(blue/green split circles) [30,31] (Wu), the latter spanning the largest
temperature range in a single study. Failure times reported for other
8% and 12% Co versions (not shown) were roughly 2/3 and 1/3 the
lives of the 2% Co alloy, respectively.
Data for NiCoCrAlY overlays, typically Ni–22Co–18Cr–14Al–0.2Y,
are listed in Table 1 (c) and shown in Fig. 2, primarily in the 1100 °C–
1150 °C temperature regime. These show a strong influence of
substrate alloy, thought to be related to the Hf or Y content of the
superalloy [35] (Schulz et al.). The 1100 °C cyclic life ranged from
about 200 to over 2000 cycles, the latter reaching the projected line
for an upper bound discussed later. Pt modified NiCoCrAlY(Ta)
bond coats on Rene′N5 (or AM3) produced FCT life at 1100 °C similar
to Pt-modified aluminide bond coats, but at the lower end of the dis-
tribution [36,37] (Yanar, Rouaix-Vande Put et al.). On average, the
NiCoCrAlY bond coats appeared to populate a life regime roughly ½
that of the Pt-only γ/γ′ or β-Ni(Pt)Al bond coats.
These summary plots of failure lives indicates a distribution that
varies widely with alloy, bond coat, and investigation, but also within
a given data set in some cases. The variation in life spans an order of
magnitude at 1150 °C, the most common test temperature. However,
taking the population as a whole, the strong temperature dependence
can still be surmised from the slope here as a life reduction of ~90%
for every 100 °C increase in temperature, as originally identified in-
dependently by many studies [10,32,39,40]. Bulk doped NiAl(Hf,Zr)
typically exhibited failure lives about 10× those reported for coatings.
This level could not be approached by any other system except for the
highest of the pre-oxidized Pt-modified aluminide coatings, representing
samples that did not exhibit strong rumpling behavior [27] (data from
Tolpygo and Clarke).
3.2. Characteristic scale thickness
It is not the intent of this note to review or critique failure mecha-
nisms in detail, as proposed, for example, in [4,8–11] (namely the
well-recognized works of Evans, Evans, Darolia, Strangman, Demasi-
Marcin et al.). Briefly, it is well known that thermal expansion differ-
ences with the substrate induce failure from the high compressive
stresses on the scale and TBC. Indeed, strain energy, identified as
the necessary criterion for TBC delamination, would be directly propor-
tional to scale thickness and the square of CTE differentials as proposed
by H. E. Evans [8]. In addition, coating wear-out can occur by interdiffu-
sion with the substrate, leading to non-protective scale formation, thick
scales, and debonding of the YSZ topcoat. For EB-PVD TBC coatings, fail-
ure often occurs at the alumina scale— bond coat interface, presumably
due to strongYSZ–Al2O3 bonding. Higher exposure temperatures neces-
sarily increase these ΔαCTEΔT thermal stresses achieved on cool down
as well as the rate and degree of interdiffusion. They also increase the
growth rate of the scale on the bond coat. For the aluminide coatings,
higher temperatures soften the bond coat, may exceed some phase sta-
bility boundaries and cause volume changes, thus producing mechani-
cal instability (ratcheting, rumpling) during cooling. Repeated cycling
exacerbates the problem and leads to a highly non-planar interface
that cannot maintain contact with the rigid TBC. Lower cooling temper-
atures, coupled with ambient humidity contributes to higher stress and
decreased interfacial toughness. Finally, any uncontrolled sulfur impuri-
ty is detrimental to scale adhesion, especially in the absence of Pt or
reactive element dopants. Repeated scale spallation and crack growth
in the TBC provide fatigue damage factors that lead to ultimate failure.
While evidence has often been presented to address all of these
issues, they appear to operate synergistically, making isolation of indi-
vidual contributions difficult without maintaining all other consider-
ations fixed. One common figure of merit or simple failure criterion
has been the ‘critical thickness’ of the scale formed on the bond coat
(TGO) observed at failure. Thicker scales are intrinsically associated
with greater strain energy, the driving force to overcome interfacial
EB-PVD TBC FCT Life on NiCoCrAlY Bond Coats
FCT temperature, oC
1100 1200 1300
sr
u
oht
oh
,
efil
CBT 100
1000
10000
bulk NiCoCrAlY (Schulz)
Hf CMSX-4 (Schulz)
(2) CMSX-4 (Schulz)
CMSX-4 (Schulz)
Rene' 142 (Schulz)
(2) IN 100 (Schulz)
IN 100 (Schulz)
(1) IN 100 (Schulz)
Rene'N5 (Yanar, Kim, Nijdam)
IN 738 (Sohn)
PWA 1483 (Schulz)
Pt (Yanar, Vande Put)
TGA Projected time for 7 µm 
Pt-Al, 
Pt fit
Fig. 2. Temperature effects on time-normalized FCT life of EB-PVD YSZ thermal barrier coatings for various EB-PVD and VPS NiCoCrAlY bond coats, substrates, and pre-treatments. Over-
lapping points offset ±3 °C for clarity.
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fracture toughness and allow instantaneous failure [8]. The growing
scale also serves as a wedge between an increasingly rough TBC–TGO
interface and gives rise to stress concentrations at the growing asperi-
ties and Ni(Pt)Al coating grain boundary ridges (roughness). These
lead to premature local scale delamination from the bond coat and
crack initiation in the TBC. Other factors may still be required for bond
coat rumpling, occurring simultaneously and synergistically. On the
other hand, Pt-only and NiCoCrAlY coatings do not generally exhibit
surface rumpling because they are not subject to the same degree
of creep, interdiffusion and phase instability issues upon thermal
cycling.
Nevertheless, acknowledging that multiple factors drive failure, it
is still somewhat instructive to examine scale growth kinetics as
compared to the temperature dependence of TBC lives presented in
Fig. 1. To that end, as-received Pt-modified aluminide 2nd generation
single crystal superalloy coupons were isothermally oxidized at
1000°–1250 °C in air (TGA) for 100 h (unpublished research, J. Smialek).
The regression fits of mass gain squared vs timewere used to obtain the
parabolic growth constants summarized in Table 2. A subsequent
regression fit to the Arrhenius behavior of that data yielded the follow-
ing (in mg2/cm4 h):
kp ¼ 2:80 1011 exp −382 kJ=mol=RTð Þ: ð2Þ
This relation was then used to estimate the time necessary to pro-
duce a 7 μm thick scale of α-Al2O3 (assuming a fully dense scale and
theoretical density of ~5.34 g/cm3). This thickness value arose from
correlations with failure in a number of studies [11,13,12,47], although
we emphasize that it is not a strict, universal criterion, sufficient to trig-
ger failure. Nevertheless, it is seen in Figs. 1 and 2 that only a handful of
coating lives lie appreciably above the projected 7 μm boundary. It has
been discussed that the activation energy surmised from TBC life
correlated with that obtained by oxidation and diffusion in alumina
[34]. In that regard, the 382 kJ/mol value obtained in Eq. (1) for the
Pt-modified aluminide coating and that reported for Pt–Al bulk
alloys, 356 kJ/mol (85 kcal/mol) [48] are essentially equivalent to
the 375 kJ/mol estimated for grain boundary diffusion of oxygen in
alumina scales [49]. (This consistency only holds if there is little grain
growth in the scales formed on these coatings.) Note thatmost coatings
fail under this life boundary, suggesting that the additional complicating
factors (geometry, edge cracking, Ti, substrate interdiffusion, poor sul-
fur control, grit blasting, rumpling, etc.) can affect various life reduction
factors. Indeed, the 75% higher 1150 °C kp measured for grit blasting
(TGA results, Table 2) suggests a life boundary offset to just ~0.6 the
projected 7 μmas-coated life curve. Thuswhile grit blasting can be ben-
eficial from the 1st order industrial standpoint of eliminating sporadic,
premature ‘infant mortality’ by surface cleaning and leveling NiAl
grain boundary ridges, there is also a 2nd order detriment due to adding
low levels of impurities and/or increasing oxidation rates and surface
roughness [50].
The critical thickness determined from the regression fit (Eq. (1))
is presented as the solid red line. (Alternately, 5 (or 10) μm scale
thicknesses could be chosen as failure criteria. These would produce
corresponding times about ½ (or 2×) that of the 7 μm criterion, respec-
tively.) It is seen that the time predicted to achieve the 7 μmscale thick-
ness is on the order of the higher life distributions for the Pt-only,
Pt-modified aluminide, and NiCoCrAlY bond coatings.
The reported scale thickness at failure is also listed in Table 1, when
available. They have been plotted in Fig. 3 to show the overall distribu-
tion and any trends that result.While somemeasurementswere obtain-
ed directly from cross-sections, others were converted from weight
change. The average (excluding the bulk NiAl substrates) was 6.1 ±
1.8 μm. This range, while exhibiting considerable scatter, is close to
the 7 μm criterion. There appears to be no temperature dependence in
this failure characteristic taken individually (connecting lines from
one study) or as a group, as expected for a primary failure criterion.
While higher temperatures insure somewhat higher ΔαCTE stresses,
the shorter lifetimes (cycles) associated with higher temperatures
would reduce cumulative fatigue damage. In any event, this apparent
invariance of bond coat scale thickness at TBC failure is considered
noteworthy. There does not appear to be a systematic difference in
critical scale thickness between aluminized coatings vs Pt-only or
MCrAlY overlays. The doped bulk NiAl(Zr) data, however, does indicate
a different population because larger TGO scale thickness is attained for
more extensive exposures before TBC failure, and with greater temper-
ature effect. One conclusion would be that bulk NiAl(Zr) does not have
the additional contributing factors of bond coat rumpling, allowing for
thicker scales at TBC failure. These scales are then subject only to the
strain energy criterion, which is temperature sensitive [8]. In fact,
according to this criterion, the product of scale thickness and (ΔT)2
should be a constant, provided othermaterial terms remain unchanged.
Assuming a cooling temperature of ~100 °C, it can be shown that the
predicted scale thickness at failure in 1200 °C cyclic tests should be
~0.8 that predicted for 1100 °C tests. This variation would not be distin-
guished from scatter exhibited by the various bond coats, but is less than
the trend shown for bulk NiAl(Zr) in Fig. 3.
Finally, It is recalled that grit blasting a PtAl-Gen2 TGA coupon pro-
duced a ~75% increase in the oxidation rate at 1150 °C, yielding a
~40% reduction in the time to reach ‘critical thickness’ in Fig. 1. A 40%
reduction applied to the TGA fit lies closer to the central distribution
of all the 1150 °C failure lives for the Pt-modified aluminide coatings,
which typically were grit blast. Without grit blasting, aluminide
grain boundary ridge oxidation may still play a detrimental role in
coating life.
Table 2
Parabolic oxidation rate constants for Pt-modified aluminide coating on 2nd Gen single
crystal superalloy.
Temperature
°C
(air, 100 h)
kp
mg/cm2 h
kp
μ2/h
r2
1000 5.47E−05 1.56E−03 0.970
1050 1.59E−04 4.53E−03 0.991
1100 1.43E−03 4.08E−02 0.999
1150 2.75E−03 7.84E−02 0.999
1150 4.76E−03 1.36E−01 0.999 Grit blast
1200 9.53E−03 2.72E−01 0.999
1250 1.57E−02 4.48E−01 0.999
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Fig. 3. Distribution of alumina scale thickness associatedwith TBC failure for various bond
coats. No apparent overall trend with temperature (FCT of EB-PVD YSZ top coatings).
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3.3. Arrhenius behavior of FCT life
On average, the slope of the TGA-projected scale thickness criterion
(solid line in Fig. 1) suggests a life reduction of ~90% (representing a
10× factor) for every 100 °C increase in temperature. This is similar to
the aggregate slope for the actual data, albeit the latter exhibiting
large variability and a lower slope due to the multiple factors included
in the population. The median behavior of the Pt-modified aluminide
and Pt-only coatings shown by the dashed regression fitted line pro-
duced a slope closer to a 7.5× reduction for every 100 °C. That is because
different studies, with offset lives representing different populations,
dominate the low (Kimmel, Wen et al.) and high temperature (Wu)
extremes [30,40,43].
The above correlation is quite consistent with failure mechanisms
based in part on scale growth. In a more mechanistically based treat-
ment, it can be shown that oxidative life (tc) should follow the form
given by Eq. (3), if a fixed critical scale thickness, xc, is assumed as
follows:
tc ¼ A0 exp þQ=RTð Þ: ð3Þ
To that end, the aggregate Pt and Pt-modified aluminide data
was combined and presented in the Arrhenius-type plot of Fig. 4. The
overall trend yielded the regression fit (dashed line), with A′ =
2.09 × 10−8 (h) and again the low correlation factor, r2 = 0.57. The
activation energy was ~279 kJ/mol compared to the 382 kJ/mol found
for coating oxidation alone (Eq. (2)). It is not believed that this differ-
ence represents anything significant, but rather just results from com-
bining data of disparate studies.
The superior lives of the doped bulk NiAl substrates, with similar
oxidation kinetics and scales, emphasizes the need for additional factors
to fully explain the bond coat data. These factors typically include
ratcheting/rumpling/interdiffusion effects that occur preferentially on
the coated superalloys, but need not be discussed further for the
purpose of this compilation. Other factors, also not discussed at length
here, but deemed to be relevant for TBC life, would be the sulfur and
reactive element contents of the system, ambient moisture content,
and temperature achieved on cooling [18–20,51–54].
4. Conclusions
This presentation has catalogued published furnace cycle life (hot
hours) of prevalent EB-PVDTBC systems vs temperature. The superalloy
substrates did not always exhibit a major effect on TBC life, partly
because most examples given here were for similar oxidation resistant
2nd generation single crystal superalloys. Grit blasting exhibited higher
oxidation rates and some negative effects within certain data sets. Yet
most samples were grit blasted, with some still achieving lives near
the upper limits of the population. Pt-diffused top coats provided a life
benefit over the broader distribution, but did not necessarily overtake
the upper limits achieved for some Pt-modified aluminide coatings.
A significant life improvement was provided by an oxidation pre-
treatment (Tolpygo et al.), occasionally approaching values for bulk
NiAl(Zr,Hf) substrates (Pint and Rigney et al.). The bulk NiAl category
was appreciably above the entire data set by avoiding detrimental
bond coating/substrate interactions. Given those variations, the major-
ity of the temperature dependent coating life population was quite
graphically bounded by, and tracked with, oxidation kinetics. This
upper bound for coatings was approximated (from TGA tests) by the
timeneededproduce a scale thickness on the order of 7 μm, as previous-
ly identified in numerous TBC life tests. Lastly, the significance of this
failure criterion is seen to be system specific in that much longer lives
(and thicker scales) were produced on bulk NiAl(Zr) (15 μm) and are
currently being found for Ti2AlC MAX phase substrates (30+ μm).
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